Near-surface InAs two-dimensional electron gas (2DEG) systems have great potential for realizing networks of multiple Majorana zero modes towards a scalable topological quantum computer. Improving mobility in the near-surface 2DEGs is beneficial for stable topological superconducting states as well as for correlation of multiple Majorana zero modes in a complex network. Here, we investigate near-surface InAs 2DEGs (13 nm away from the surface) grown on GaSb(001) substrates, whose lattice constant is closely matched to InAs, by molecular beam epitaxy. The effect of 10-nm-thick top barrier to the mobility is studied by comparing Al 0.9 Ga 0.1 Sb and In 0.75 Ga 0.25 As as a top barrier on otherwise identical InAs quantum wells grown with identical bottom barrier and buffer layers. A 3-nm-thick capping layer on Al 0.9 Ga 0.1 Sb top barrier also affects the 2DEG electronic transport properties by modifying scattering from 2D remote ionized impurities at the surface. The highest transport mobility of 650,000 cm 2 /Vs with an electron density of 3. In the 2DEG-based systems, the 2DEG is required to be placed near the surface in order to achieve proximity-induced superconductivity, and epitaxial growth of a superconductor provides atomically clean, electronically transparent interface between the superconductor and the 2DEG. As a trade-off for the coupling between the superconductor and the 2DEG, the near-surface 2DEGs have relatively low mobility, mostly due to the scattering of electrons from surface states and surface defects. In the recently reported Al/InAs 2DEG systems grown on InP substrates [8, 9] , the mobility is just comparable to or less than that of 1D nanowires. The existence of the topological superconducting state in superconductor/semiconductor systems can be influenced by disorders, spin-orbit coupling, Zeeman spin splitting, superconducting proximity effect, and chemical potential in semiconductor. The most crucial ingredients for stable topological superconducting state are a high mobility (less disorders) and a strong spin-orbit coupling [11] . In this work, we focus on the first ingredient, the high mobility, by carefully modifying near-surface InAs quantum well heterostructures.
Low-dimensional semiconductors with a strong spin-orbit coupling, such as InAs and InSb, are suitable for developing spintronic devices [1, 2] and for exhibiting topological superconducting phases that host Majorana zero modes when interfaced with superconductors [3] [4] [5] . Signatures of Majorana zero modes have been demonstrated in the 1D InAs and InSb nanowire-based systems with superconductors [6, 7] . In addition, devices fabricated by top-down lithography on near-surface InAs two-dimensional electron gas (2DEG) systems with an epitaxial superconductor [8] have recently been reported to show signatures of Majorana zero modes [9] . The superconductor/2DEG platforms have great potential for fabrication of large-scale nanostructure networks consisting of multiple Majorana zero modes needed to realize a scalable topological quantum computer [10] .
In the 2DEG-based systems, the 2DEG is required to be placed near the surface in order to achieve proximity-induced superconductivity, and epitaxial growth of a superconductor provides atomically clean, electronically transparent interface between the superconductor and the 2DEG. As a trade-off for the coupling between the superconductor and the 2DEG, the near-surface 2DEGs have relatively low mobility, mostly due to the scattering of electrons from surface states and surface defects. In the recently reported Al/InAs 2DEG systems grown on InP substrates [8, 9] , the mobility is just comparable to or less than that of 1D nanowires. The existence of the topological superconducting state in superconductor/semiconductor systems can be influenced by disorders, spin-orbit coupling, Zeeman spin splitting, superconducting proximity effect, and chemical potential in semiconductor. The most crucial ingredients for stable topological superconducting state are a high mobility (less disorders) and a strong spin-orbit coupling [11] . In this work, we focus on the first ingredient, the high mobility, by carefully modifying near-surface InAs quantum well heterostructures.
The large lattice-mismatch (3.3 %) between the InAs epitaxial layer and InP substrate, which has been used for substrates in the recent reports [8, 9] , results in a high number of dislocations and disorder that degrades the electronic transport properties of the InAs 2DEGs. A GaSb substrate is more closely latticematched to InAs (lattice mismatch: 0.6 %), suggesting that higher quality InAs quantum well heterostructures should be expected. Indeed, fewer dislocations and higher transport mobility of the order of 10 5 cm 2 /Vs up to 2.4 × 10 6 cm 2 /Vs, with electrostatic gating, has been demonstrated in deep InAs 2DEGs grown on GaSb substrates, where scattering from the surface is relatively insignificant [12] [13] [14] [15] .
While deep 2DEGs (more than 25 nm away from surface) have been investigated, more studies on nearsurface InAs 2DEGs (~10 nm away from surface) grown on GaSb substrates are needed. Here we study the effect of the top barrier (AlGaSb vs InGaAs) and capping layer (InGaAs vs GaSb) materials to the carrier density and the mobility in near-surface InAs 2DEGs grown on GaSb substrates.
We prepared three different near-surface InAs quantum well heterostructures, denoted as samples A, B, and C, on semi-insulating (at low temperature) GaSb(001) substrates by molecular beam epitaxy (MBE).
The following describes growth details of the InAs quantum well heterostructures. First, the oxide on the GaSb substrate was desorbed at 540˚C under Sb-overpressure in an MBE chamber with a base pressure ~5×10 -11 Torr. Then, the substrate was cooled down to 500˚C for growth of antimonide-based buffer layers: 100 nm GaSb, 5 nm AlSb, 300 nm Al 0.9 Ga 0.1 As 0.1 Sb 0.9 , and AlSb (2.5 nm)/GaSb (2.5 nm)
superlattice (repeated by 10 times). The Al 0.9 Ga 0.1 As 0.1 Sb 0.9 buffer layer is electrically insulating and closely lattice-matched to GaSb substrate [13] . The AlSb/GaSb superlattice helps to release strain in the buffer layer and results in smoother surface morphology [13] . After the superlattice growth, a 60 nm Al 0.9 Ga 0.1 Sb bottom barrier for the quantum well was grown at the same temperature as for the buffer layers, and the substrate temperature was lowered to 480˚C for growing 7 nm InAs quantum well layer. We now focus on analyzing the SdH oscillations from the first electron subband in sample B.
Temperature dependence of amplitude of the SdH oscillations, given by subtracting a polynomial background from magnetoresistance , decreases as temperature increases [ Fig. 3(c) ]. The amplitude ∆ of the SdH oscillations in small magnetic field is given by [21, 22 ]
where 0 , ( ), , and are the zero-field resistance, a thermal damping factor, the cyclotron frequency, and the quantum lifetime, respectively. Here,
with being the Boltzmann constant, T being the sample temperature, and ℏ being the cyclotron energy. = / * with being the elementary electric charge, being the magnetic field, and * being the effective mass. Analysis of the amplitude as a function of temperature determines the effective mass * . We obtained zero-field effective mass * = (0.025 ± 0.001) 0 , where 0 is the free electron mass. The result is broadly consistent with the previous experimental value from deep InAs/AlSb 2DEGs [12] as well as with a theoretical estimate using screened hybrid functional and spin-orbit coupling [23] . The quantum lifetime can be determined from the slope of a Dingle plot of Ln(∆ / 4 0 ( )) as a function of 1/ , as shown in Fig. 3(d) . The resulting quantum lifetime is = 0.21 ps. In contrast, the Drude transport lifetime = * / , inferred from the Hall mobility, is determined to be 9.24 ps. The ratio of the transport and quantum lifetime is rather large ( / = 45), indicating the electronic transport is dominated by long-range scattering presumably from the remote ionized impurities [24, 25] . Table I compares quantum well heterostructures and electronic transport characteristics of samples A through D. The electron density and the transport mobility shown in Table I were obtained from Hall measurements at 0.5 K for samples A, B, and C, using van der Pauw geometry, and 2 K for sample D, using Hall bar geometry. In the temperature range of 0.5-2 K, carrier density and the transport mobility remains almost identical (difference within 1% in sample B). The channel of the Hall bar (100-nm-wide and 400-nm-long) was defined by standard photolithography and wet-etching (H 2 O : citric acid : H 3 PO 4 :
H 2 O 2 = 220 : 55 : 3 : 3). For calculation of density and mobility, zero-field longitudinal resistance ( = 0 ) and Hall resistance ( ) in a field range between -0.5 T and 0.5 T were used. Figure 4 plots the transport mobility of the four samples studied in this work as a function of the electron density.
In addition, it includes three more data points (one black square and two red circles) from 2DEGs grown on InP(001) substrates: the black square is from the recent report [9] , which studied signatures of Majorana zero modes; and the two red circles are from identical quantum well heterostructures to sample D but grown with some unintentional changes in the growth condition. We note that the red circles are from measurements using hall bar geometry, and the black square is from measurements using top-gated
Hall bar geometry with zero gate voltage applied. Samples C and D were further characterized by plan-view electron channeling contrast imaging (ECCI) in a scanning electron microscope, which non-destructively reveals crystallographic defects over large areas.
A three beam (g=02-2, 004) imaging condition was used for these samples. Lines with enhanced contrast correspond to misfit dislocations (light or dark depending on the Burgers vector of the dislocation), which are clearly seen in both samples ( scattering is expected to be higher in sample D. However, the transport mobility in sample D is higher than that in sample C. It could be that contributions to scattering from the misfit dislocations in the top and bottom barriers of sample C may not be negligible after all.
One important point to note is that the onset magnetic field of SdH oscillations is much lower in Sample C (0.35 T) than in sample D (2.0 T). This implies that sample C has higher quantum mobility, which is inversely proportional to the onset magnetic field of the SdH oscillations, as well as longer quantum lifetime. The quantum mobility is sensitive to both small angle and large angle scattering while the transport mobility is sensitive only to large angle scattering. Our results suggest that small angle scattering is more pronounced in the InAs 2DEG grown on InP substrate.
In conclusion, we studied near-surface (10-13 nm away from surface) InAs 2DEGs grown on GaSb (001) substrates, which have a great promise to be employed in the superconductor/2DEG platforms for topological quantum computing applications. Measured at 0.5 K using van der Pauw method except for sample D, which was measured at 2 K. shows cross-hatch patterns.
